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Abstaract 17 
 18 

This work demonstrates the applicability of one-dimensional nitrogen-doped diamond 19 

nanorods (N-DNRs) for the simultaneous electrochemical (EC) detection of Pb2+ and Cd2+ ions 20 

in an electrolyte solution. Well separated voltammetric peaks are observed for Pb2+ and Cd2+ 21 

ions using N-DNRs as a working electrode in square wave anodic stripping voltammetry 22 

measurements. Moreover, the cyclic voltammetry response of N-DNR electrodes towards the 23 

Fe(CN)6
/4-/ Fe(CN)6

/3- redox reaction is better as compared to undoped DNR electrodes. This 24 

enhancement of EC performance in N-DNR electrodes is accounted fo by the increased amount 25 

of sp2 bonded nanographitic phases in N-DNR electrodes, enhancing the electrical conductivity 26 

at the grain boundary (GB) regions. These findings are supported by transmission electron 27 

microscopy and electron energy loss spectroscopy studies. Consequently, the GB defect 28 
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induced N-DNRs exhibit better adsorption of metal ions, which makes such samples promising 1 

candidates for next generation EC sensing devices. 2 

Keywords: Nitrogen-doped diamond nanorod, cyclic voltammetry, square wave anodic 3 

stripping voltammetry, monographitic phase, electron energy loss spectroscopy 4 

1. Introduction 5 

Heavy metal ions (HMIs) are very harmful pollutants in biosphere and due to the 6 

development of industries, it turns out to be a very serious issue [1]. The presence of toxic 7 

heavy metal ions such as Pb2+, Cd2+
 etc. in water (sub-micro molar range) can cause severe 8 

harmful effects to living organisms [2-4]. The Environmental Protection Agency (EPA) 9 

estimates that nearly 20% of the human population was exposed to lead poisoning through 10 

contaminated drinking water [5]. Therefore, in order to determine the toxic HMIs in low 11 

concentration, a simple, sensitive and accurate detection method is required. So far numerous 12 

detection tools have been utilized to detect HMIs, including atomic absorption spectroscopy 13 

[6],  inductively coupled plasma mass spectroscopy [7], atomic fluorescence spectroscopy [8]. 14 

However complicated instrumentation makes these techniques expensive and unsuitable for in-15 

situ analysis. On the other hand, EC techniques are used extensively as an alternative due to 16 

their practical advantages such as operational simplicity, good sensitivity, wide linear 17 

concentration range with low detection limit, cost effectiveness, miniaturization possibility, 18 

and above all, suitable for real time detection  [9-13]. The fast, sensitive, selective, precise, low 19 

cost EC based sensing in the field of bioelectrochemistry, molecular biology, environmental 20 

and pharmaceutical analysis leads to the growth of EC sensors [14-17]. Among many EC 21 

methods, anodic stripping voltammetry has been applied most successfully due to its ability to 22 

increase the faradic current and reduce the non-faradic current [18-20]. However, the 23 

performance of this technique mainly depends on the surface structure, attached chemical 24 

functional groups, electrical conductivity, and chemical bonding environment of the electrode 25 
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material [21-24].  Another major problem in EC detection is interference due to the presence 1 

of other metal ions [11]. Thus, to overcome these problems, there is a need to develop proper 2 

electrode materials with the desired chemical functionalities. 3 

In this direction numerous efforts have been made to develop a new kind of advanced 4 

electrode materials [10, 21, 23-25]. Much attention has been paid to synthesize carbon based 5 

nanostructured materials such as nitrogen doped porous carbon [26], hybrid graphite/diamond 6 

films [27], carbon nanotube/diamond core shell nanowires [28], nitrogen-doped carbon 7 

nanotubes [29],  boron-doped diamond [30], etc. Among these carbonaceous materials, 8 

diamond is an exciting material for research due to its fascinating physical properties, such as 9 

high hardness, chemical inertness, corrosion resistance and EC stability. Above all, a large EC 10 

potential window and good biocompatibility make diamond a promising material for 11 

bioelectronics, biosensor, and EC based sensing applications [31-34]. Particularly diamond 12 

electrodes synthesized using chemical vapor deposition show excellent EC properties [35-37]. 13 

Fabrication of one-dimensional diamond nanostructures (DNSs) and doping with 14 

impurities like nitrogen, boron, and phosphorous, appear to be a promising approach to 15 

introduce new functionalities with unique structural and electrical activity [38-40]. Especially, 16 

incorporation of N or B into diamond leads to a high surface to volume ratio with grain 17 

boundary defects due to sp2 hybridization, resulting in enhanced electrical conductivity with 18 

distinct EC properties [33, 41, 42]. Recently, incorporation of N in the growth plasma was 19 

shown to lead to an increase in the amorphous phase which in turn converts to a graphitic phase 20 

on annealing. These sp2 contributing defects at the grain boundaries result as an increase in the 21 

overall grain boundary (GB) volume, leading to an increase in the density of states at the Fermi 22 

level [41, 43]. Such EC biosensing using N and B incorporated DNSs as working electrodes 23 

were reported in earlier investigations [23, 24, 44]. Indeed, low and stable capacitive 24 

background current, nontoxicity, high chemical stability and high electron transfer capability 25 
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make DNS a promising material for sensing biomolecules involved in electron or charge 1 

transfer without need for electron mediators [45]. However, the lack of information on the 2 

conduction mechanism in DNSs and the unavailability of highly conductive diamond was 3 

limiting its application in the field of EC biosensing. Moreover, EC studies of N incorporated 4 

DNSs have not yet been explored for the application of simultaneous detection of multiple 5 

HMIs. 6 

In this work, we report the applicability of  nitrogen-doped diamond nanorods (N-7 

DNRs) as a EC sensor towards the simultaneously detection of lead (Pb2+) and cadmium (Cd2+) 8 

ions in an electrolyte solution using square wave anodic stripping voltammetry (SWASV). N-9 

DNRs were fabricated from nitrogen-doped nanocrystalline diamond (N-NCD) films via 10 

microwave plasma enhanced chemical vapor deposition (MWPECVD) of N-NCD films 11 

followed by a reactive ion etching (RIE) process using O2 gas for the fabrication of nanorods. 12 

Undoped DNRs (U-DNRs) fabricated from undoped nanocrystalline diamond (U-NCD) films 13 

were also used for comparison. Microstructure and bonding characteristics of N-DNRs were 14 

examined using annular dark field (ADF) scanning transmission electron microscopy (STEM) 15 

and electron energy loss spectroscopy (EELS). The possible mechanism for the enhancement 16 

of the EC performance of N-DNRs for the detection of Pb2+ and Cd2+ ions is discussed in detail. 17 

 18 

2. Results and Discussion 19 

Figures 1a and 1b represent the tilted-view SEM images of U-DNRs and N-DNRs and the 20 

insets (I) of Figures 1a and 1b display the plan-view SEM images of U-NCD and N-NCD films. 21 

A drastic change in surface morphology from micron-sized grains (inset (I) of Figure 1a) to 22 

nano-sized grains (inset (I) of Figure 1b) is observed when nitrogen is incorporated into the 23 

CH4/H2 plasma during growth process. Figure 1a reveals a random orientation of nanorods in 24 

U-DNRs. The U-DNRs were approximately 300 nm in height and about 100 nm in diameter 25 
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(inset (II) of Fig. 1a). Due to the presence of nano-sized granular grains in N-NCD films, a 1 

smaller diameter with densely packed vertically aligned nanorods were obtained in case of N-2 

DNRs (Figure 1b). The N-DNRs were approximately 500 nm in height and about 50 nm in 3 

diameter estimated from the cross-sectional SEM images (inset (II) of Fig. 1b).    4 

The cyclic voltammetry response of U-DNRs and N-DNRs is examined in an aquatic 5 

solution of 5 mM Fe(CN)6
3-/4- redox couple containing 0.1 M KCl (Figure 2a). The peak 6 

potential separation (ΔE) for N-DNRs was much lower (~ 0.57 V) compared to N-NCD, U-7 

NCD and U-DNRs (ΔE ~ 1 V) electrodes. Also, the peak current value of N-DNRs (curve IV 8 

of Figure 2a) is much higher as compared to U-DNRs, N-NCD and U-NCD samples. This low 9 

ΔE and high peak current of N-DNRs towards Fe(CN)6
/4-/ Fe(CN)6

/3- redox reaction clearly 10 

indicates that incorporation of nitrogen in diamond nanorods provides better electron transfer 11 

kinetics towards the redox reaction of Fe(CN)6
/4-/ Fe(CN)6

/3- as compared to U-DNRs. The 12 

better cyclic voltammetric behavior of N-DNRs is correlated with the enhancement of electrical 13 

conductivity due to nitrogen incorporation [46, 47]. Thus, nitrogen induced nanorods comprises 14 

a larger surface area and low charge transfer resistance, which facilitates the electron transfer 15 

kinetics in the electrode surface resulting in a better EC behavior [48] which open up the 16 

pathways towards EC based sensing applications. 17 

Figure 2b represents the SWASV analytical characteristics of the as prepared electrode 18 

materials where the accumulation process is carried out for 160 s at -1.2 V in 0.1 M acetate 19 

buffer (pH=5.0) solution containing 5 µM of Pb2+ and Cd2+ ions respectively. It is clearly seen 20 

that the N-DNR electrode outperforms other electrode materials in terms of stripping peak 21 

current response corresponding to the oxidation of Pb0 and Cd0 in the SWASV curve. Two 22 

prominent peaks can be seen for Pb2+ and Cd2+ ions having a peak potential at approximately -23 

0.50 V and -0.75 V respectively in the case of N-DNRs sample. Literature [49-52] suggests 24 

that the incorporation of nitrogen introduces defects in the sample by creating sp2 carbon at the 25 
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grain boundaries. This grain boundary defect provides good absorbability of metal ions 1 

enhancing the accumulation of Pb2+ and Cd2+ ions on the electrode surface. 2 

 In order to obtain the best sensing performance (high sensitivity and low detection limit) 3 

from SWASV measurements, we optimized a few experimental parameters such as pH of the 4 

electrolyte, deposition potential and deposition time in the acetate buffer solution containing 5 

0.5 µM of each Pb2+ and Cd2+ ions (see supporting information). The effect of pH on the 6 

stripping current response for target HMIs is investigated for the range of 4 to 6 (Figures S1a). 7 

A weak voltammetric signal at lower pH value (4 and 4.5) is attributed to the large number of 8 

hydrogen ions (H+) present in the electrolyte which can perturb the electrode surface [10]. 9 

When the pH value is high enough (above 5), the current signal begins to decrease possibly 10 

due to the hydrolysis of the metal ions [11, 53].The maximum peak current is observed for a 11 

pH value of 5. Therefore, the acetate buffer solution of pH = 5 has been used for subsequent 12 

experiments. To see the effect of deposition potential on peak current, different scans were 13 

executed in the potential range -0.8 V to -1.3 V (Figure S1b). It can be observed that peak 14 

current begins to saturate after -1.2 V for both ions and to avoid reasonable generation of H2 at 15 

higher potential we have chosen -1.2 V as the optimized value of the deposition potential for 16 

the subsequent experiment [22, 53]. The variation of peak current as a function of deposition 17 

time is shown in Figure S1c. A proportional increase in peak current with time can be observed 18 

from the graph. The peak current began to saturate after 140 s and to get sufficient accumulation 19 

of metal ions on the electrode surface we have selected 160 s as the optimized deposition time 20 

for individual and simultaneous detection of Pb2+ and Cd2+ ions [53]. 21 

Under the optimized experimental conditions described above, SWASV has been 22 

performed to detect Pb2+ and Cd2+ ions individually as well as simultaneously using N-DNRs 23 

as the working electrode. The SWASV response towards the Pb2+ and Cd2+ ions with different 24 

concentrations is displayed in Figures 3(ad). SWASV exhibits two well separated peaks 25 
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corresponding to the oxidation potential of Cd0 and Pb0. The SWASV response for individual 1 

detection of trace HMIs is shown in Figure 3a and b. Well-defined voltammetric peaks, 2 

proportional to the concentration of Cd2+ ions are displayed in Figure 3a for the concentration 3 

range 0.01 to 1.1 µM. The linearization equation for this concentration range was found as i/µA 4 

= 1.09 + 3.16 c/µM having a correlation coefficient of 0.996 (inset of Figure 3a). The SWASV 5 

response of Pb2+ ions over a concentration from 0.05 to 1.0 µM is shown in Figure 3b. The 6 

linearization equation was obtained as i/µA = 0.05 + 2.52 c/µM with correlation coefficient 7 

0.986 (inset of Figure 3b). These results reveal that we can detect Cd2+ and Pb2+ ions with a 8 

low concentration up to 10 nM and 50 nM experimentally using N-DNRs as a working 9 

electrode.  10 

When analyzing both the ions simultaneously, well-defined peaks were observed for 11 

the two target metal ions and the peak potential separation was large enough to detect these 12 

HMIs selectively and simultaneously as shown in Figure 3c. The linear range was found to be 13 

0.05 to 2 µM for both ions having a correlation coefficient 0.98 for Cd2+ and 0.97 for Pb2+ 14 

respectively. The linearization equations were i/µA = -0.31 + 3.78 c/µM and i/µA = -0.27 + 15 

3.53 c/µM for Cd2+ and Pb2+ ions respectively (Figure 3d1 and 3d2). These results suggest that 16 

we can detect Cd2+ and Pb2+ ions simultaneously with an experimental detection limit up to 50 17 

nM. A small peak can be seen around -0.4 V potential which possibly points to the formation 18 

of some intermetallic compound due to the coexistence of Pb2+ and Cd2+ ions respectively [53-19 

55]. A comparative study of the performance of our proposed electrode material with other 20 

carbon-based nanostructures is given in Table 1. 21 

The N-DNRs sample was utilized as a working electrode material for simultaneous 22 

detection of Cd2+ and Pb2+ ions in an acetate buffer solution. The obtained EC performance is 23 

good enough to be implemented for practical applications. However, during simultaneous 24 

detection of multiple metal ions there is a possibility for unwanted mutual interference which 25 
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may lead to misdetection of the target metal ions. Thus, we focus to study the mutual 1 

interference between Cd2+ and Pb2+ ions in the following section.                                                                           2 

Mutual interference is a common issue that occurs during the simultaneous detection of 3 

several metal ions. Therefore, we have carried out the mutual interference experiments by 4 

increasing one metal ion concentration while keeping the other concentration constant. The 5 

effect of Pb2+ on the Cd2+ stripping peak current is shown in Figure 3e where we fixed the Cd2+ 6 

ion concentration while increasing the Pb2+ ion concentration. A linear increase in peak current 7 

of Pb2+ ions is observed while the peak current corresponding to Cd2+ ions is slightly decreased 8 

with an increase in Pb2+ ion concentration. The reason is due to the competition between Pb2+ 9 

and Cd2+ ions accumulating at the active sites of N-DNRs, where Pb2+ ions may be 10 

outcompeted by the Cd2+ during the deposition process, as Pb2+ ions have a higher diffusivity 11 

and more positive reduction potential in comparison to Cd2+ ions [56]. In addition there is a 12 

possibility of intermetallic compound formation between Cd2+ and Pb2+ ions which can 13 

suppress the Cd2+ peak current response. Similar effects have also been reported earlier for the 14 

stripping response of Cd2+ in the presence of Cu2+ ions [57]. Next we investigated the effect of 15 

Cd2+ ions on the Pb2+ stripping peak current by fixing the Pb2+ ion concentration with increasing 16 

Cd2+ ion concentration, as shown in Figure 3f. A significant increment of Pb2+ stripping current 17 

is observed with increased Cd2+ ion concentration. This can be explained by the theoretical 18 

model of Schiewe et al. [58] suggesting the possible formation of  Cd-Pb intermetallic 19 

compound which has the same stripping potential as lead. 20 

To understand the factors responsible for such superior EC behavior of N-DNRs, the 21 

microstructure of N-DNRs was investigated using STEM and EELS. Figure 4a displays an 22 

ADF- STEM image taken from a single N-DNR. It can be seen that the N-DNR is of cone-like 23 

geometry with a diameter varying from 40 nm at the top, 60 nm at the middle and 100 nm 24 

at the bottom. Figure 4b shows a high resolution ADF-STEM image of the same nanorod where 25 
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structural defects i.e., stacking faults and twins, are clearly visible. To gain insight in the local 1 

bonding environment of different carbon atoms present in the N-DNR sample, we have taken 2 

an EELS spectrum (Figure 4c) from the region indicated by a yellow rectangle of a typical 3 

ADF-STEM image in the inset (I) of Figure 4c. The sp2 and sp3 phases were obtained by fitting 4 

the experimental spectra to references of graphite and diamond using the EELS model software 5 

[59]. The fingerprint of both sp3 (σ* peak at 290 eV) and sp2 (π* peak at 285 eV) bonding 6 

are clearly visible from the EELS spectrum, though it is dominated by sp3 bonded carbon [60-7 

62]. 8 

Moreover, the inset (II) of Figure 4c show the STEM-EELS mapping with sp3-diamond 9 

(D, blue color) and sp2-graphite (G, yellow color) for the same region depicted in the inset (I) 10 

of Figure 4c, reveal the presence of sp2 and sp3 phases in the N-DNRs. This observation proves 11 

the existence of sp2 phases in the N-DNRs. On the basis of ADF-STEM and EELS 12 

investigations, it is noticed that the N-DNR is a nanohybrid material, which consists of nano-13 

sized diamond grains (sp3-bonded carbon) along with nanographite (sp2-bonded carbon) at the 14 

grain boundaries of the nanorods. Consequently, the N-DNRs exhibit higher electrical 15 

conductivity due to the existence of these nanographitic phases at the grain boundaries.  16 

Thus, the key features for the excellent EC performance of the N-DNRs electrode is 17 

due to the presence of nanographitic phases at the GBs. The formation of a nanographitic phase 18 

at the GBs (displayed Figure 4) is responsible for the enhanced electron transport of the samples 19 

[63]. N impurities are known to be energetically favored at the substitutional sites of the GBs 20 

which enhances the electrical conductivity at the GB region [64]. This GB defect caused by N 21 

can be used in the large EC potential window with enhanced electron transport kinetics [65]. 22 

Thus, the nanographitic phase at the GBs can act as anchor sites to adsorb metal ions on the 23 

electrode surface while the enhanced electrical conductivity at the GB region of the N-DNR 24 
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electrodes allow a more effective electrodeposition of the metal ions at the negative potentials 1 

used; can be responsible for this enhanced sensing performance.   2 

3. Conclusions 3 

In conclusion, we demonstrated a simultaneous detection of Pb2+ and Cd2+ ions using N-DNRs 4 

as electrodes. The SWASV response reveals that N-DNR electrodes show high EC activity 5 

towards Pb2+ and Cd2+ ions in acidic media. Upon optimizing the experimental conditions, we 6 

can detect these metal ions up to 10 nM individually and 50 nM simultaneously. The presence 7 

of nanographitic phases at the GBs of N-DNRs are held responsible for this high EC activity 8 

towards Pb2+ and Cd2+ ions. In addition, CV results reveal that the N-DNR samples provide a 9 

better electron transfer kinetics as compared to N-NCD, U-NCD, and U-DNR electrodes. We 10 

have demonstrated a clear picture of surface morphology and microstructural characteristics of 11 

N-DNRs, and the EC study suggests that N-DNR electrodes are an excellent choice for 12 

simultaneous detection of numerous heavy metal ions. 13 

4. Experimental 14 

 4.1. Materials synthesis and characterization 15 

U-NCD and N-NCD films were deposited on polished n-type Si substrates using an ASTeX 16 

6500 series MWPECVD system. Prior to diamond growth, the Si substrates were seeded using 17 

a water-based state-of-the-art colloidal suspension of 5 nm detonation nanodiamonds (ND) 18 

particles (Nano Carbon Institute Co., Ltd.). The U-NCD films were deposited using a CH4 19 

(1%)/H2(99%) plasma and N-NCD films were deposited using a CH4(6%)/H2(91%)/N2(3%) 20 

plasma while keeping a constant microwave power of 3000 W for 5 h. The pressure and the 21 

gas flow rate for the growth of U-NCD and N-NCD films were maintained at 30 Torr and 300 22 

sccm, respectively. Thereafter the pristine films were immersed in the colloidal suspension of 23 

ND particles and sonicated for 10 min. These ND particles act as a mask on the film surface 24 

which is then subjected to an RIE process using a home-built DC-pulsed sputtering/oxidation 25 
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system in an O2
 plasma having a DC power supply of 150 W for 30 min to fabricate U-DNRs 1 

and N-DNRs.  2 

Scanning electron microscopy (SEM; FEI Quanta 200 FEG microscope) was used to 3 

characterize the morphology of the films and the nanorods. The local microstructure and the 4 

bonding characteristics of the N-DNRs were analyzed using a FEI Titan ‘cubed’ microscope 5 

operated at 300 kV for ADF-STEM with the convergence semi-angle α used was 22 mrad and 6 

collection semi-angles of the ADF detector laying in the range from 2660 mrad and EELS in 7 

STEM mode. STEM- EELS mapping was carried out making use of Gatan Enfinium EELS 8 

spectrometer with a collection semi-angle β=36 mrad . 9 

 10 

4.2. Electrochemical measurements 11 

All EC measurements (cyclic voltammetry (CV) and SWASV) were done using an AUTOLAB 12 

potentiostat/galvanostat 302N instrument (Metrohm Autolab B.V. Utrecht, Netherlands) 13 

controlled by NOVA software. The three electrode setup consists of diamond nanorods as the 14 

working electrode, a platinum wire as a counter electrode, and a Ag/AgCl reference electrode. 15 

 16 

 4.3. Reagents 17 

All chemicals, such as potassium ferrocyanide (K4[Fe(CN6)]), potassium ferricyanide 18 

(K3[Fe(CN6)]), potassium chloride (KCl) (Fisher scientific) were used as-received without any 19 

further purification. Standard solutions of Pb2+ and Cd2+ ions (1000 ppm each) were purchased 20 

from Sigma Aldrich and were diluted further to make solution of desired concentration. All 21 

chemicals reagents were of analytical grade. Mili-Q water (18.2MΩ cm) was used in 22 

preparation of all aqueous solutions. 23 

 24 

 25 
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Figure captions: 1 

Figure 1. Tilt-view SEM micrographs of (a) U-DNRs and (b) N-DNRs. The insets of Fig. 1 2 

are: (I) the plan-view SEM micrographs of U-NCD and N-NCD film and (II) the cross-3 

sectional SEM micrographs of U-DNRs and N-DNRs respectively.  4 

Figure 2. (a) Cyclic voltammetry response of (I) U-NCD (II) N-NCD (III) U-DNRs and (IV) 5 

N-DNRs in the solution of 5 mM Fe(CN)6
3-/4- containing 0.1 M KCl.  (b) SWASV response of 6 

(I) U-NCD (II) N-NCD (III) U-DNRs and (IV) N-DNRs towards the simultaneous detection 5 7 

µM of each Pb2+ and Cd2+ ions in 0.1 M acetate buffer solution having pH value of 5. The 8 

experimental parameters are as follows: deposition time =160 s, deposition potential = -1.2 V, 9 

amplitude = 25 mV, step potential = 4 mV and frequency = 25 Hz 10 

Figure 3. SWASV response of N-DNRs for the individual detection of (a) Cd2+ ions over a 11 

concentration range 0.01  1.1 µM and (b) Pb2+ ions over a concentration range 0.051.0 µM. 12 

Inset of figure (a) and (b) shows the linear calibration plot of peak current as a function Cd2+ 13 

and Pb2+ ions concentration respectively. (c) SWASV response of N-DNR for the simultaneous 14 

detection of Cd 2+ and Pb2+ ions over a concentration range 0.05  2 µM. (d1 and d2) linear 15 

calibration plot of Cd2+ and Pb2+ ion corresponding to panel c. SWASV response of N-DNR at 16 

(e) 1.5, 2, 2.5, 3 µM of Pb2+ in the presence of 1 µM Cd2+ (f) 1, 1.5, 2 µM of Cd2+ in the 17 

presence of 0.5 µM of Pb2+. Experimental conditions of SWASV are identical to fig 2. 18 

Figure 4. (a) Typical cross-sectional ADF-STEM micrograph of N-DNRs. (b) Typical 19 

HAADF STEM micrograph which is taken from a single nanorod. (c) Monochromated core-20 

loss EELS spectrum taken from the region indicated by the yellow rectangle in inset (I), the 21 

acquisition was proceeded on Titan FEI at 120 kV with energy resolution of approximately 150 22 

meV. The inset (II) shows the EELS abundance map for σ* (blue) and π* (yellow). 23 
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Table 1. Comparison of the detection limit and the linear range of nitrogen doped diamond 1 

nanorods with other carbon based nanostructured electrode materials for the detection of Pb2+ 2 

and Cd2+ ions. 3 
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 11 

Electrode material Detection limit (µM) 

 

 

     Pb2+                     Cd2+ 

Linear Range (µM) 

 

  

Pb2+                      Cd2+ 

Antimony nanoparticles modified 

boron doped diamond electrode 

[30] 

0.12  0.34 0.2 – 2.41 0.4 – 4.4 

Nitrogen doped diamond like 

carbon film [66]  

0.076 ̶ 0.5 - 2 ̶ 

Boron doped diamond [67]  ̶ 0.0039 ̶ 0.25 – 0.3 

Bismuth nanoparticle modified 

boron doped diamond electrode 

[68] 

 

0.01 0.016 0.09 – 0.9 0.17 – 

1.779 

Graphene/polyaniline/polystyrene 

nanoporous fibre [69] 

0.016 0.04 0.048 – 

2.41 

0.08 – 4.44 

Boron doped monocrystalline 

diamond [70] 

1.339 ̶ 1 – 22.5 ̶ 

N-doped carbon quantum dots 

graphene oxide hybrid [71] 

0.005 0.06 0.1 - 50 0.09 – 

99.99 

Nitrogen doped diamond 

nanorods (Present work) 

0.05 (expt.) 0.01 

(expt.) 

0.05 -1 0.01 – 1.1 
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